This study suggests a simple method for the morphology control of perovskite fi lms. The deposition of a dense and uniform perovskite layer with full surface coverage was achieved by adding a small amount of HBr to the perovskite precursor, which facilitated full coverage electroluminescence of the fabricated perovskite light-emitting diode (PeLED), resulting in a highly effi cient PeLED.
Introduction
Organic-inorganic hybrid semiconductors such as quantum dots and perovskite materials [1] [2] [3] have attracted interest because of their excellent properties; these properties include superior charge carrier mobility compared to that of organic materials, a tunable optical bandgap, and easy solution processing, which raises the possibility of large-area displays and flexible device applications. 4, 5 Recently, solution-processable perovskite films with a photoluminescence quantum efficiency (PLQE) as high as 70% have been reported; the high PLQE of these films makes them promising semiconductor candidates for LED applications. 6 Moreover, the perovskite materials used in solar cells have also demonstrated excellent photovoltaic (PV) performance, with efficiencies ranging from 4 to 19.3%. 7, 8 The Cambridge group first reported green and infrared emissive perovskite light-emitting diodes (PeLEDs) whose bandgaps could be varied through changes in their chemical composition. These PeLEDs achieved a luminescence of 364 cd m −2 and a radiance of 6.8 W sr −1 m −2 . 3 Moreover, Kim et al. demonstrated highly efficient PeLEDs with a luminescence of 417 cd m −2 by modifying the workfunction of PEDOT:PSS using a self-organized buffer hole-injection layer (Buf-HIL), which reduced the hole-injection barrier between the PEDOT: PSS and the perovskite emissive layer. 9 Recently, the Cambridge group also demonstrated a conventional structured PeLED fabricated using spatial atmospheric atomic layerdeposited (SAALD) Zn 1−x Mg x O as an electron transport layer (ETL). 10 Their PeLED with an F8 layer exhibited a maximum luminescence efficiency of 364 cd m −2 , whereas their PeLED with an SAALD layer exhibited a significantly improved maximum luminescence of 550 cd m −2 and enhanced air stability. One of the most important criteria for highly efficient perovskite optoelectronic devices is the uniform morphology of the perovskite crystal. [11] [12] [13] [14] However, previous papers regarding PeLEDs have not demonstrated a correlation between the perovskite morphology and the electroluminescence (EL) image in PeLEDs.
Here, we report the fabrication of a highly efficient perovskite-based green LED via the morphological control of methylammonium lead tribromide (CH 3 NH 3 PbBr 3 , MAPbBr 3 ) films using a dimethylformamide (DMF)/hydrobromic acid (HBr) cosolvent through a 1-step spin-coat method. The optimized MAPbBr 3 -based PeLED fabricated using the DMF/ HBr cosolvent method exhibited a maximum luminance of 3490 cd m −2 (at 4.3 V) and a maximum luminous efficiency of 0.43 cd A −1 (at 4.3 V). The high efficiency of the planar PeLED is due to both the uniform morphology of MAPbBr 3 with full surface coverage and the optimized thicknesses of the MAPbBr 3 and ETL polymer layers. The deposition of a uniform and dense MAPbBr 3 layer with full surface coverage was achieved by adding an optimum amount of HBr to the perovskite precursor, and the full coverage of the green EL due to the highly uniform morphology of the perovskite layer was confirmed by optical microscopy.
Experimental

Materials
SPB-02 T polymer ( product number: A.80827.0001) was purchased from Merck Co. and was used without purification. The CH 3 NH 3 Br synthesis and the preparation of the CH 3 NH 3 PbBr 3 solution have been described elsewhere. 15 
Device fabrication
For the fabrication of PeLEDs (ITO/PEDOT:PSS/MAPbBr 3 / SPB-02 T/LiF/Ag), PEDOT:PSS was spin-coated onto a cleaned ITO/glass substrate at 5000 rpm for 45 s and subsequently annealed at 140°C for 10 min. The MAPbBr 3 precursor (37.8 wt% MABr and PbBr 2 1 : 1 molar ratio in N,N-dimethylformamide) solution with an aqueous HBr (48 wt%) solution in a volume ratio from 0 to 10 vol% were spin-coated onto the PEDOT:PSS-coated ITO/glass substrates at 3000 rpm for 60 s and annealed at 100°C for 5 min under inert conditions. The electron transport layer was fabricated by coating SPB-02 T (blue copolymer) solution dispersed in chlorobenzene (0.45-0.72 wt%). Finally, LiF (1 nm) and silver (80 nm) were deposited by the vacuum thermal evaporation method using a 5-pixel mask. The active area of the device was 13.5 mm 2 . The devices were encapsulated and legged before testing.
Characterization of MAPbBr 3 films and PeLEDs
The PeLED measurements were performed using a Keithley 2400 source measurement unit and a Konica Minolta spectroradiometer (CS-2000, Minolta Co.). 15 Scanning electron microscopy (Nanonova 230, FEI) was used to observe the morphology of the MAPbBr 3 films. XRD patterns were obtained from the samples of MAPbBr 3 with the HBr (0-10 vol%) cosolvent deposited onto the PEDOT:PSS substrate; the patterns were recorded using an X-ray diffractometer (D8 Advance, Bruker) equipped with a Cu-Kα radiation source (λ = 1.5405 Å). A step size of 0.01°was chosen with an acquisition time as high as 5 min deg −1 . EL microscopy images were obtained from the samples of PeLEDs using an optical microscope (IX81, Olympus).
Results and discussion
3.1 Device structure Fig. 1(a) shows a schematic of the device structure (ITO/ PEDOT:PSS/MAPbBr 3 /SPB-02 T/LiF/Ag) used in the PeLED, and Fig. 1(b) shows a cross-sectional image of the complete PeLED, which is composed of indium tin oxide (ITO) as the anode, PEDOT:PSS as the transport layer (HTL), MAPbBr 3 with the DMF/HBr cosolvent as the perovskite emissive layer, SPB-02 T (blue copolymer, Merck Co.) as the ETL, and LiF/Al as the cathode. Fig. S1 † shows the energy-level diagram of the fabricated PeLED. SPB-02 T is a commercial material, the material information including the structure and the energy level unfortunately is unknown. Thus, the energy level of SPB-02 T was inferred from that of the SPW-111 co-polymer (Merck Co.) with a similar structure. 16 The fabrication of the PeLEDs with the DMF/HBr cosolvent is described in detail in the Experimental section.
Viscosity measurement
Morphological control of perovskite films is important in improving device performance. 15 Thus, slow crystallization rates lead to the formation of a thinner perovskite film with full surface coverage because of the retarded nucleation time. The addition of an acid in the perovskite precursor solution is well known to slow the crystallization rate and improve the solubility of the solution through the enhanced solubility of the inorganic component. 17, 18 Thus, HBr was added to the MAPbBr 3 precursor solution to obtain a MAPbBr 3 film with full surface coverage. In addition, the viscosity was measured to support the slow crystallization rate, which increased linearly with increasing HBr concentration, as shown in Fig. S2 . † As a result, the crystallization rate of the perovskite film was reduced upon spin-coating; thus, a dense MAPbBr 3 film with greater surface coverage was fabricated on a PEDOT:PSS-coated ITO/glass substrate.
Scanning electron microscopy
To confirm the dense and full coverage of the MAPbBr 3 film, the morphology of the MAPbBr 3 films, which were deposited on PEDOT:PSS-coated ITO/glass substrates by spin-coating using different concentrations of HBr (0-10 vol%) in the DMF/ HBr cosolvent, was observed using a scanning electron microscope (SEM); the resulting micrographs are shown in Fig. 2 . The MAPbBr 3 films prepared using 0-4 vol% of HBr in the DMF/HBr cosolvent appeared to partially cover the substrate with islands and voids with submicron distances between them, as shown in Fig. 2 (a)-(c). In contrast, the MAPbBr 3 film prepared using 6 vol% of HBr in the DMF/HBr cosolvent exhibited full coverage and a much smoother surface. However, the MAPbBr 3 film surfaces prepared using 8-10 vol% of HBr in the DMF/HBr cosolvent exhibited unwanted cubeshaped crystals on top of the MAPbBr 3 films, as shown in Fig. 2 (e) and (f ). The reason for the formation of these unwanted crystals may be the growth of larger MAPbBr 3 crystals at the expense of smaller MAPbBr 3 crystals because of their reduced surface energy. In fact, this phenomenon of crystal growth is well-known as Ostwald ripening and can be easily observed in the case of quantum dots. 19, 20 In addition, the thickness of the MAPbBr 3 film decreased as the concentration of HBr in the DMF/HBr cosolvent increased, as shown in Fig. S2 . † As previously mentioned, a greater viscosity yields a thinner MAPbBr 3 layer because of the retarded evaporation rate of the solvent; as a result, the crystallization rate will be delayed. As the concentration of HBr in the DMF/HBr co-solvent was increased to 8-10 vol%, unwanted cube-shaped crystals were created; consequently, the overall thickness and roughness increased due to Ostwald ripening. Therefore, the concentration of HBr in the DMF/HBr cosolvent used to spincoat MAPbBr 3 was confirmed to strongly influence the final film morphology and thickness of the MAPbBr 3 layers.
To observe other factors that affect the crystallization process, MAPbBr 3 films with different annealing times and different spin-speeds used to spin-coat the MAPbBr 3 precursor solution using 6 vol% of HBr in the DMF/HBr cosolvent were prepared and their SEM images were compared. The MAPbBr 3 films maintained their original morphology, and the Ostwald ripening phenomenon was not observed in the top-view SEM images in Fig. S4 and S5, † despite the annealing time and spin-coating speeds being different. Moreover, the crystal size decreased from 1.5 µm to 500 nm, and the film thickness of an MAPbBr 3 single layer with 6 vol% of HBr in the DMF/HBr cosolvent decreased when the spin-coating speed was increased from 1000 rpm to 7000 rpm ( Fig. S6 †) . These results demonstrate that the main factor that influences the morphology of the MAPbBr 3 films is the concentration of HBr in the DMF/HBr cosolvent. This simple technique should prove extremely useful as a general method to control the MAPbBr 3 crystal size and film thickness with full surface coverage. with an inhomogeneous surface of the MAPbBr 3 films with an island-like morphology (0-4 vol% of HBr in the DMF/HBr cosolvent) showed island-like emission ( Fig. 3(a)-(c) ), whereas the PeLED device with a homogeneous surface of the MAPbBr 3 films (6 vol% of HBr in the DMF/HBr cosolvent) showed full coverage of the green emission through the full coverage of the uniform MAPbBr 3 film ( Fig. 3(d) ). However, the PeLED device with MAPbBr 3 films deposited using 8 vol% of HBr in the DMF/HBr cosolvent showed minimum island-like light emission even at a higher applied voltage of 5.4 V in Fig. 3 (e) because unwanted MAPbBr 3 parts were fabricated on top of the thinner MAPbBr 3 layer in Fig. S3 (e). † Fig. 3(f ) and (g) present images of 1 cm 2 emission areas from the MAPbBr 3based PeLED devices without and with using 6 vol% of HBr in the DMF/HBr cosolvent at 3.3 V and 3.1 V biases, respectively; the MAPbBr 3 -based PeLED prepared using 6 vol% of HBr in the DMF/HBr cosolvent exhibited brighter and more uniform green emission than that without using 6 vol% of HBr in the DMF/HBr cosolvent.
Optical microscopy
X-ray diffraction
To confirm the unwanted layer of MAPbBr 3 when 8-10 vol% of HBr was used in the DMF/HBr cosolvent, as previously mentioned, the XRD patterns of the resulting films were collected, as shown in Fig. 4(a) . The PbBr 2 peak and MAPbBr 3 peak coexisted in the pattern of the MAPbBr 3 film when HBr was not added to the DMF/HBr cosolvent, whereas the intensity of the PbBr 2 peak decreased upon the addition of HBr and almost disappeared when the DMF/HBr cosolvent contained 6 vol% of HBr, which is the similar result to previous literature. 18 However, the PbBr 2 peak was clearly observed in the pattern of MAPbBr 3 films when the DMF/HBr cosolvent contained 8-10 vol% of HBr; these peaks were a consequence of the unwanted MAPbBr 3 crystals that resulted from Ostwald ripening during the film growth of the MAPbBr 3 layers. The remnant PbBr 2 acts as a defect site in perovskite, resulting in an increased rate of non-radiative recombintation and reduced device performance. 21 
Device performance
The voids and pinholes of the MAPbBr 3 film create shunt pathways between the HTL and the ETL, which limits the device performance. 22 As the voltage bias increases, such pinholes would cause dielectric breakdown; thus, the devices with the non-optimized MAPbBr 3 layers were observed to easily shortcircuit. Fig. S7 † shows (a) Table S1 . † Next, the PeLEDs with the uniform morphology of MAPbBr 3 prepared using 6 vol% of HBr in the DMF/HBr cosolvent were fabricated and measured by changing the spin speed to control the MAPbBr 3 films and the thickness of the ETL layer. Fig. 4 shows ( Table 1 . It should be noted that the maximum luminance value of our inverted PeLED is the highest value so far presented for inverted structure PeLED devices with MAPbBr 3 layers deposited onto PEDOT:PSS coated ITO substrates (Table S2 † ). The multilayered structure of polymer LEDs can be challenging to fabricate by a solution process because of the nonorthogonal nature of the solvents used to deposit subsequent layers. In contrast, the multilayered structure of a PeLED with MAPbBr 3 and emissive ETL polymers fabricated via a solution process can be easily fabricated because the solvents used to deposit the MAPbBr 3 (DMF/HBr) and SPB-02 T layers (chlorobenzene) are orthogonal. Such hybrid devices have the advantage of a broad emission, as demonstrated in nanocrystalpolymer hybrid LEDs by changing the thickness of the polymer or the nanocrystal. 23, 24 PeLED devices (ITO/PEDOT: PSS/MAPbBr 3 (250-800 nm)/SPB-02 T (55 nm)/LiF/Ag) with different thicknesses of MAPbBr 3 were fabricated, as shown in Fig. S7(a) . † Two mixed EL emissions from MAPbBr 3 and SPB-02 T observed in the PeLEDs with less than 400 nm-thick MAPbBr 3 layers. As the thickness of the MAPbBr 3 layers was increased in PeLEDs with a fixed thickness of SPB-02 T (55 nm), the EL spectra from SPB-02 T disappeared, and the 540 nm EL spectra for the PeLEDs with a MAPbBr 3 thickness between 400 and 800 nm appeared dominant because of the shift of the recombination by charge carriers. Moreover, both 480 nm and 540 nm emission spectra were observed as the thickness of the SPB-02 T layer was increased in the PeLED (ITO/PEDOT:PSS/MAPbBr 3 (280 nm)/SPB-02 T (15-55 nm)/LiF/ Ag), as shown in Fig. S8(b) . † Thus, different colors of the EL emission were realized by controlling the recombination zone, which tuned the thicknesses of the MAPbBr 3 and SPB-02 T layers in the organic-inorganic hybrid PeLEDs. These results are in agreement with the behavior of emission reported in the literature. 25, 26 It is noted that SPB-02 T is certainly not the best candidate for an ETL because the emission spectrum of SPB-02 T has overlapped with the absorption spectrum of MAPbBr 3 . To confirm whether the energy transfer between the MAPbBr 3 emissive layer and SPB-02 T occurs or not, we used the same thickness condition of Fig. 4 (b) (ITO/PEDOT:PSS/MAPbBr 3 (400 nm)/SPB-02 T (Merck Co., 30 nm)/LiF/Ag), but replaced the blue-emissive SPB-02 T with green-emissive super yellow (SY, Merck Co., 30 nm) to avoid overlap of the absorption spectrum of MAPbBr 3 and the emission spectrum of SY, as shown in Fig. S10 . † It is assumed that the electron mobility of SPB-02 T and SY is almost the same because they are fabricated from Merck Co. and have a similar back-bone. The emission spectrum from the PeLED (ITO/PEDOT:PSS/MAPbBr 3 (400 nm)/SY (30 nm)/LiF/Ag) is narrow and is the same as that from PeLED (ITO/PEDOT:PSS/MAPbBr 3 (400 nm)/SPB-02 T (30 nm)/LiF/Ag) 3 in Fig. S10(d) , † which represents that the recombination occurs within the MAPbBr 3 layer and SPB-02 T acts only as an ETL and does not participate in light emission. Moreover, device performances of two PeLEDs were compared and the luminance and efficiency values of two PeLEDs were almost the same in Fig. S10 and Table S3 . † This result clearly supports that a similar device performance is obtained by using polymers with a similar back-bone and electron mobility as an ETL in the PeLEDs of Fig. S10 . †
Conclusions
In summary, we successfully fabricated highly efficient PeLEDs via a uniform and dense MAPbBr 3 film with full surface coverage on a PEDOT:PSS-coated ITO/glass substrate by using the optimal concentration of HBr in the DMF/HBr solution. The PeLED with 6 vol% of HBr in the DMF/HBr cosolvent exhibited a maximum luminance of 3490 cd m −2 (at 4.3 V) and maximum luminous efficiency levels as high as 0.43 cd A −1 (at 4.3 V). The addition of a small amount of HBr to the DMF solvent enables the formation of a dense and uniform MAPbBr 3 film with full surface coverage, which facilitates fullcoverage EL emission of the fabricated PeLED, resulting in a highly efficient PeLED. By incorporating an electron-transport layer that is itself a luminescent conjugated polymer, uniform green emission from the MAPbBr 3 /polymer-based PeLED was realized by controlling the recombination region between the MAPbBr 3 layer and the luminescent polymer layer by changing the thickness of the SPB-02 T layer used as the ETL. In addition, the EL emission spectra of the MAPbBr 3 /polymerbased PeLEDs were tuned by controlling the thickness of the perovskite and polymer layers. This approach provides a powerful tool to understand the electroluminescence recombination zone from the emission spectra and a potentially useful approach to apply to broad-band LEDs. Moreover, the prospect of optimizing the processing of perovskite crystallization and the availability of a variety of light-emitting polymers provide a promising future for tailor-made, efficient PeLEDs with desired emission profiles.
